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The National Park Service (NPS) has developed user capacity management plans and programs throughout the National Park System to address resource and experiential impacts associated with intensive park visitation. The primary purpose of user capacity management is to identify the types and amounts of visitor use that can be accommodated in a national park, while maintaining desired resource conditions and meaningful visitor experiences. The NPS approach to user capacity management can be characterized as indicator-based adaptive management, a core element that involves formulation of indicators and standards of quality (3) . Indicators of quality are defined as measurable, manageable variables that reflect the essence or meaning of management objectives related to resource protection and the visitor experience. Standards of quality are defined as numerical expressions of desired future conditions of indicator variables. Monitoring of indicator variables is designed to detect and signal the need for management actions to ensure standards of quality are maintained over time (4) .
Traffic operations and transportation planning are increasingly recognized as inextricably linked with user capacity management in national parks (5) . In particular, decisions about how many, when, and by what means of conveyance visitors are allowed to access various locations throughout a national park are fundamental elements of both transportation planning and user capacity management. Yet, these decisions are often made with limited empirical information about the potential impacts of alternative traffic operations and transportation management strategies on park resources and visitors' experiences (6) . For example, traffic management and related visitor access to recreation sites within a park are often guided solely by the physical capacity of a park's transportation infrastructure (e.g., number of parking spaces at trailheads).
The purpose of this study is to develop and demonstrate an approach to integrate transportation and user capacity management in national parks. To this end, the paper presents research conducted in Yosemite National Park to link automated traffic count data collected at park entrance stations with visitor use levels and associated crowdingrelated indicators of quality at popular recreation sites in Yosemite Valley. In doing so, this study provides the NPS with a basis for establishing numerical thresholds for inbound vehicle traffic at park entrances, beyond which visitors entering the park can be directed
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The broad purpose of user capacity management in national parks is to identify the types and amounts of use that can be accommodated in a park, while desired resource and experiential conditions are maintained. Traffic management and transportation planning in national parks are increasingly recognized as inextricably linked with user capacity management. The purpose of this study was to develop a tool to integrate transportation and user capacity management in Yosemite National Park. The study consisted of three primary components. First, survey research was used to identify visitor-based standards of quality for crowding in Yosemite Valley. Second, regression modeling was used to estimate statistical relationships between inbound vehicle traffic at park entrance stations and visitor use levels at recreation sites in Yosemite Valley. Third, regression model estimates of visitor use at recreation sites in Yosemite Valley were simulated with computer models to estimate the extent of crowding that occurs in the valley as a result of different levels of inbound vehicle traffic at park entrance stations. Simulation results were compared with visitor-based standards to characterize the quality of visitor experiences in Yosemite Valley associated with different volumes of vehicle traffic entering the park. Thus, the results of this study provide an empirical basis for managing vehicle traffic entering the park in a manner that maintains the quality of visitors' experiences in Yosemite Valley. Further, the approach developed in this study can be adapted to other National Park System units to support integrated transportation planning and user capacity management systemwide.
National park visitation increased dramatically during the last half of the 20th century, from less than 50 million visits to the National Park System in 1940 to more than 300 million in 1999. And while national park visitation generally declined somewhat in the first several years of the 21st century, visitation was on the rise again in 2007, with more than 275 million visits to the National Park System. to visit areas of the park other than Yosemite Valley. Thus, the results of this study provide the NPS with an empirical basis for managing vehicle traffic entering the park in a manner that maintains the quality of visitors' experiences in Yosemite Valley. Further, the approach developed in this study can be adapted to other units throughout the National Park System to support integrated transportation planning and user capacity management systemwide.
METHODS
The conceptual and analytical framework for this study is illustrated in Figure 1 , and corresponds to three interrelated research components. First, survey research was used to identify visitor-based standards of quality for crowding on trails and at attractions in Yosemite Valley. Second, regression modeling was used to estimate statistical relationships between inbound vehicle traffic at park entrance stations and visitor use levels at popular recreation sites in Yosemite Valley. Third, regression model estimates of visitor use at recreation sites in Yosemite Valley were simulated with computer models to estimate the extent of crowding that occurs in the valley as a result of different levels of inbound vehicle traffic at park entrance stations. Simulation modeling estimates of crowding were compared with visitor-based standards to characterize the quality of visitor experiences in Yosemite Valley associated with different volumes of vehicle traffic entering the park. The study area and methods used to conduct each component of the study are described in the following subsections.
Study Area
Yosemite National Park is located in the Sierra Nevada Mountains of California, approximately 150 mi east of San Francisco. In 2007, Yosemite ranked third among national parks in visitation, accommodating approximately 3.5 million visitors. The challenges associated with this intensive visitation to the park are exacerbated by the fact that much of the park's visitor use is concentrated in Yosemite Valley. The mile-wide, 7-mi-long Yosemite Valley comprises merely 4% of the park's total area, yet the valley accommodates 98% of all park visitation. Furthermore, visitor use peaks during the summer months, with 31% of all park visits occurring during July and August (3). Consequently, trails and attraction areas (e.g., the base of Yosemite Falls) are often overwhelmed by visitor use during periods of peak visitation. In visitor surveys conducted in Yosemite Valley during the summers of 1998 and 1999, respondents reported crowding on trails and at attractions as the factor that detracted most from their visit to the valley (7 ) . Results of the surveys also suggest that visitors consider traffic congestion and difficulty finding parking as among the most significant management issues in Yosemite Valley.
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To date, vehicle access to Yosemite Valley and related traffic operations management are conducted in a reactive manner. For example, during the busiest days in Yosemite National Park, vehicles are allowed to enter Yosemite Valley until the point when all parking spaces in the valley are occupied and additional vehicles are circling the roads in search of parking. Once these traffic conditions are reached, visitors are diverted to a roadway loop at the west end of Yosemite Valley, where they "orbit" the loop until other vehicles exit the valley. Thus, the decision to divert vehicles away from Yosemite Valley is made in "real time," once traffic conditions in the valley have become problematic. Further, the decision rule for implementing "the shunt" has been established without knowledge of how "filling" the valley's transportation infrastructure to its capacity affects the quality and character of visitors' experiences at recreation sites throughout the valley. This study is designed to support a more proactive, systematic, and integrated approach to managing transportation and user capacity in Yosemite National Park.
Visitor-Based Standards of Quality
Visitor surveys were conducted in Yosemite Valley during the summers of 1998 and 1999 to assist the NPS in formulating indicators and standards of quality for popular recreation sites, including Yosemite Falls, Bridalveil Fall, and the trail to Vernal Fall ( Figure 2 ). Within the surveys, a visual approach was used to measure visitorbased standards of quality for crowding-related indicators of quality, including (a) people at one time (PAOT) at attractions (i.e., the base of Bridalveil Fall and Yosemite Falls) and (b) people per viewscape (PPV) on trails (7, 8) . A series of computer-edited photographs was prepared for each study site showing a range of visitor use levels (e.g., Figure 3 ). Respondents were asked to rate the acceptability of each photograph on a scale that ranged from +4 ("very acceptable") to -4 ("very unacceptable") and included a neutral point of 0. In addition, respondents were asked to identify the photograph within each set that depicted the amount of use they would prefer to see and the maximum amount of use the NPS should allow before limiting use. Summary statistics computed from responses to these questions serve as potential standards of quality for crowding-related indicators in Yosemite Valley. These visitor-based standards are used in this study to evaluate the effects of varying levels of inbound vehicle traffic at park entrance stations on the quality of visitors' experiences in Yosemite Valley.
Inbound Vehicle Traffic and Recreation Site Use Counts
Automated vehicle traffic and trail counters were used to measure inbound vehicle traffic at park entrance stations and visitor use at recreation sites in Yosemite Valley, respectively. Regression analyses were conducted to statistically model relationships between inbound vehicle traffic and recreation site visitation. The methods used to measure and correlate inbound vehicle traffic at park entrance stations and visitor use counts in Yosemite Valley are described in the following subsections.
Inbound Vehicle Traffic Counts
Permanent inductive loop traffic counters are installed at each of the five park entrances into Yosemite National Park, and data from the counters are collected, analyzed, and summarized by the NPS Public Use Statistics office in Denver, CO. The park entrance stations include Arch Rock and Big Oak Flat, which provide access to the park from the west via Routes 140 and 120, respectively ( Figure 2 ). The South entrance station provides visitors access to the park from the south July 30, 2007 to collect traffic volumes in 1-h increments. The two sets of traffic data were compared and were generally within 7% of one another, with tube counts generally slightly higher than those recorded with the NPS permanent counters.
Recreation Site Use Counts
Active infrared trail counters were used to measure daily visitor use at Yosemite Falls, Bridalveil Fall, and on the trail to Vernal Fall. In addition to counting visitor use on every day during the study period with mechanical counters, direct observations of visitor use were conducted at each counting location on six randomly selected days during the summer months of 2007. On each day direct observation counts were conducted, data were collected during four randomly selected hours between 7:00 a.m. and 7:00 p.m. The visitor use counts collected through direct observation by field staff were used to calibrate the mechanical counter data (9-13).
Correlation of Inbound Vehicle Traffic and Recreation Site Use
Regression models were estimated using hourly inbound vehicle traffic counts at park entrances as the primary independent variable and hourly recreation site visitation as the dependent variable. Other independent variables were included in the regression models to account for seasonality, time-of-day, and day-of-week effects (Table 1 ). Separate models were estimated for Yosemite Falls, Bridalveil Fall, and the trail to Vernal Fall. To estimate the regression models, hourly traffic and recreation site use counts were paired using a time delay or offset to account for the distance and travel time between the park entrance stations and the study sites in Yosemite Valley (Figure 2 ). For each recreation site, alternative regression models were estimated by using a range of delays or offsets to pair Lawson 
Computer Simulation Modeling of Visitor Use
Computer simulation models of visitor use were developed for Yosemite Falls, Bridalveil Fall, and the trail to Vernal Fall. The computer models of visitor use provide a tool to estimate crowding on trails and at attractions associated with varying levels of recreation site visitation (14, 15) . For example, the Yosemite Falls model is designed to provide estimates of PPV on the trail to Yosemite Falls and PAOT at the base of Yosemite Falls for user-specified levels of daily visitation to the site. Two primary sources of data were needed to construct the visitor use models developed in this study. First, visitor surveys were conducted at each of the study sites in Yosemite Valley during the summer of 2007. The surveys were designed to collect site-specific information about visitors' group sizes, the modes of transportation visitors use to travel to the sites, and the length of time visitors spend hiking on trails and lingering at attractions. Second, visitor counts were conducted to measure average daily visitor use at each study site during the summer of 2007. These count data were used to specify simulated visitation levels to model baseline visitor use of the study sites.
The visitor survey and count data collected during the summer of 2007 were modeled by using discrete-event systems simulation software (16) . The three site-specific models were structured to simulate visitor use and behavior of the study sites, including arriving at access points, hiking on trails, lingering at attraction sites, and exiting to the valley shuttle service or other mode of transportation. The models are also programmed to monitor PAOT at attractions and PPV on trails throughout the course of simulated visitor use days, and to compute the percentage of time during a simulated day PAOT and PPV standards are exceeded (17 ) . The modeling interface is designed to allow the user to specify key simulation parameters, including daily site visitation and standards for PAOT at attractions and PPV on trails.
Integrated Transportation and User Capacity Analysis
Analyses were conducted to demonstrate how the components of this study can be integrated into a management tool capable of assessing the effects of alternative levels of vehicle traffic entering the park on crowding-related indicators of quality in Yosemite Valley. As stated, "traffic-site use" regression models were used to estimate visitor use of Yosemite Falls, Bridalveil Fall, and the trail to Vernal Fall on the busiest, 7th busiest, and 50th busiest days of park visitation during A second set of analyses was conducted to illustrate how the information collected in this study can be used to specify numerical thresholds for inbound vehicle traffic at park entrance stations, beyond which visitor-based standards of quality for crowding are violated at recreation sites in Yosemite Valley. First, a series of simulations was conducted to estimate the amount of daily visitor use that can be accommodated at Yosemite Falls without exceeding visitor-based standards for PAOT at the base of the falls more than 10% of the time during the day-referred to as daily user capacity of Yosemite Falls. Second, the daily user capacity estimates generated with the computer model of visitor use at Yosemite Falls were used in conjunction with the "traffic-site use" regression model for Yosemite Falls to "solve" for the corresponding volume of inbound vehicle traffic at park entrance stations. The results of these analyses constitute estimates of the maximum number of vehicles that can be accommodated in Yosemite National Park while maintaining desired experiential conditions at Yosemite Falls.
RESULTS

Visitor-Based Standards of Quality
Visitor-based standards of quality derived from responses to surveys administered in Yosemite Valley during the summers of 1998 and 1999 are presented in Tables 2 and 3 . "Acceptability" standards of quality were derived by plotting average acceptability ratings for each of the visitor use levels shown in the six photographs for each study site. The PAOT and PVV standards of quality shown in the tables are points at which average acceptability ratings cross the "0" or neutral point on the acceptability scale (i.e., fall out of the "acceptable" range and into the "unacceptable" range). "Preference" and "management action" standards of quality were derived by calculating the average number of people in the photographs selected by visitors in response to the questions described in the methods section. For example, results for the Trail to Yosemite Falls reported in Table 2 are based on visitors' average acceptability ratings and responses to the "preference" and "management action" questions associated with the photographs depicted in Figure 3 . The regression models reported in Table 4 were used to estimate daily visitor use at Yosemite Falls, Bridalveil Fall, and the trail to Vernal Fall based on inbound vehicle traffic counts at the park entrance stations on the busiest, 7th busiest, and 50th busiest days of 2007. Results of these analyses are presented in Table 4 .
Simulation of Visitor Use Levels-Busiest, 7th Busiest, 50th Busiest Days of 2007
As stated, regression model estimates of site visitation on the busiest, 7th busiest, and 50th busiest days of 2007 (see Table 5 ) were simulated with the visitor use models of Yosemite Falls, Bridalveil Fall, and the trail to Vernal Fall. Results of these simulations are reported in Table 6 . The table reports the percentage of time visitorbased "management action" standards of quality are violated for each of the three modeling scenarios. The "management action" standards represent the maximum PPV on trails and PAOT at attractions visitors think the National Park Service should allow before limiting use. The results suggest that even during peak visitation periods in 2007, visitor-based "management action" standards for crowding are rarely exceeded on the trail to Vernal Fall and at Yosemite Falls. In contrast, results of the simulations at Bridalveil Fall suggest that crowding is a significant user capacity management issue, particularly in the viewing platform area at the base of the fall. It should be noted that results of simulations vary according to the standards specified for analysis. For example, results of simulations not presented in Table 6 suggest that on the 50th busiest day in 2007, visitor-based "preference" standards (i.e., the maximum amount of PPV on trails and PAOT at attractions visitors would prefer to see) are exceeded 13.3% of the time on the trail to Vernal Fall, 46.3% of the time at the base of Yosemite Falls, and more than three-quarters (77.4%) of the time at the base of Bridalveil Fall. Thus, management judgments about desired conditions for visitor experiences (i.e., standards of quality) are a necessary precursor to fully implementing the user capacity methods developed in this study. Table 7 reports estimates of the maximum amount of inbound vehicle traffic Yosemite National Park can accommodate per hour and per day, without violating visitor-based standards of quality for PAOT at the base Yosemite Falls more than 10% of the time during the day. The estimates of inbound vehicle traffic capacities presented in Table 7 were generated through a series of simulation and regression modeling steps described in the methods section. The results reported in Table 7 suggest that parkwide inbound vehicle traffic would need to be reduced by about 60% from the busiest day in 2007 and by about 50% from the 7th busiest day in 2007 to manage for visitors' "preference" standard at Yosemite Falls. Managing for visitors' "acceptability" standard would require inbound vehicle traffic to be reduced by about 15% from that on the busiest day in 2007 and could be increased by just over 5% from that of the 7th busiest day in 2007. If inbound vehicle traffic were managed to maintain visitors' "management action" standard, inbound traffic would need to be reduced by less than 10% of that on the busiest day in 2007 and could be increased by about 15% from traffic levels on the 7th busiest day in 2007. This discussion implies that the capacities reported in Table 7 would be used to define a point at which vehicle arrivals into the park would be limited. An alternative approach would be to use the figures in the table to identify thresholds of inbound vehicle traffic, by time of day, beyond which visitors would be directed to visit areas of the park other than Yosemite Valley, or at least Yosemite Falls.
Estimating Inbound Vehicle Traffic Capacities
DISCUSSION OF METHODOLOGY
The methodology developed in this study to support integrated transportation and user capacity management in Yosemite National Park has at least four important characteristics. First, the approach used in this study is grounded in the logic and framework of indicator-based, adaptive management, which is the state of art and practice in natural resource management and science. Second, the approach is proactive, in that it uses predictive modeling to support management decisions based on desired park conditions, rather than in reaction to problems on the ground. Third, the method developed in this study can be characterized as numerical, in that it provides an empirical basis for quantitative standards for crowding-related indicators of quality and numerical thresholds for inbound traffic volumes at park entrance stations. The quantitative nature of the management tool developed in this study is significant in light of a recent court ruling on the NPS Merced River Plan directing the NPS to develop a numerical approach to user capacity management in Yosemite National Park. Fourth, the conceptual, methodological, and managerial framework developed in this study is adaptable to other units of the National Park System to support integrated transportation and user capacity management systemwide. While the research conducted in this study has the potential to support proactive, indicator-based management of transportation and user capacity in Yosemite National Park, the study has limitations. First, the inbound vehicle traffic data used in this study do not include data from the South entrance station, which in recent years has been the busiest point of entry into the park. However, it is possible to use historical data to estimate the proportion of all park visitation that enters Yosemite National Park at the South entrance station and adjust inbound traffic capacities estimated in this study accordingly. Second, visitor-based standards of quality for crowding-related indicators used in this study were derived from studies conducted in 1998 and 1999; thus these data may be considered somewhat dated. This issue is particularly pronounced in the case of visitor-based standards for PAOT at the base of Yosemite Falls, as this site has been significantly redesigned since the visitor survey was conducted in 1998. As part of the redesign of the recreation site at Yosemite Falls, the size of the viewing area at the base of the falls was increased significantly. Thus, estimated site capacities for Yosemite Falls and corresponding inbound vehicle traffic capacities presented in the results section could underestimate the true capacities. Third, while the models presented in this study produce estimates that are statistically robust and have a high degree of face validity, additional research is warranted to collect PPV, PAOT, and site use data that could serve as the basis for validating the computer models' predictive accuracy. Fourth, the modeling conducted in this study does not explicitly account for internal trips within the park (e.g., trips that originate from overnight accommodations within the park, rather than at entrance stations). However, the study models' estimates of recreation site use and capacities do account for the effects of internal trips on site use and capacities. Specifically, the regression models correlating inbound vehicle traffic at entrance stations and recreation site use estimate the amount of use that can be expected at study sites, inclusive of internal trips, associated with varying levels of entrance station traffic. Thus, a diary survey or other method to study internal trips within the park is not necessary to estimate statistical relationships between inbound vehicle traffic at entrance stations and recreation site use. However, information about visitors' travel patterns within the park could be helpful in estimating the effects of limiting access to Yosemite Valley on crowding conditions in other areas of the park. Finally, the research conducted in this study can be characterized as "Yosemite Valley-centric." That is, capacities for inbound vehicle traffic at park entrance stations are estimated without accounting for the potential impacts to visitors' experiences in other areas of the park associated with diverting use away from Yosemite Valley when inbound traffic capacities are reached. However, the conceptual and analytical framework developed in this study could be extended to other areas of the park to support a parkwide approach. Despite the study limitations noted, the methods and results presented here provide the NPS with a systematic approach to monitor and proactively manage the effects of traffic management on visitors' experiences in Yosemite National Park. Additional work is ongoing to test the adaptability of the approach to other national park contexts. 
